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1  | INTRODUC TION
Viruses	occur	across	all	environments	that	support	life,	where	they	
play	 crucial	 roles	 in	 ecosystem	 function	and	 in	 the	health	of	 their	
hosts	 (Manrique	 et	 al.,	 2016;	 Suttle,	 2005).	 Additionally,	 viruses	




through	host	 domestication	 of	 viral	 proteins	 (Arnaud	 et	 al.,	 2007;	
Yan,	Buckler‐White,	Wollenberg,	&	Kozak,	2009).	Our	understand‐
ing	of	 the	 factors	 that	 influence	 viral	 diversity	 in	 nature	 currently	
derives	 primarily	 from	 comparisons	 of	 viral	 communities	 between	
different	host	species.	These	studies	have	revealed	that	viral	com‐











et	 al.,	 2015;	 Johnson,	 Roode,	 &	 Fenton,	 2015).	 Such	 community‐
level	changes	may	be	important	due	to	direct,	immunological	or	eco‐
logical	 interactions	 between	 viruses	 (DaPalma,	 Doonan,	 Trager,	 &	
Kasman,	2010;	Díaz‐Muñoz,	2017;	Rohani,	Green,	Mantilla‐Beniers,	
&	 Grenfell,	 2003).	 Under	 a	 null	 model,	 geographically	 proximate	
populations	would	be	expected	to	have	more	similar	viral	commu‐
nities	 than	 distant	 populations.	 Alternatively,	 viral	 communities	
could	be	structured	by	demographic	or	environmental	factors	that	




fluence	 the	 diversity	 of	 human	pathogens	 (Guernier,	Hochberg,	&	
Guégan,	2004),	and	analogous	factors	such	as	elevational	gradients	
may	create	nonlinear	relationships	between	viral	communities	and	





With	 the	 exception	 of	 studies	 focused	 on	 humans	 (Manrique	
et	al.,	2016;	Minot	et	al.,	2011;	Robles‐Sikisaka	et	al.,	2013),	com‐
parisons	 of	 viral	 communities	 across	 populations	 or	 time	 points	
remain	 rare	 (Anthony	 et	 al.,	 2015;	Wille	 et	 al.,	 2018).	 A	 key	 bar‐










ecology	 and	biogeography	 influence	viral	 diversity,	 particularly	 if	
applied	to	host	species	that	occur	across	habitat	types	or	environ‐
mental	gradients.
The	 common	 vampire	 bat	 (Desmodus rotundus)	 is	 a	 wide‐
spread	 species	 that	 inhabits	 tropical	 rainforests,	 high‐elevation	
mountains	 and	 coastal	 deserts	 across	North,	Central	 and	 South	
America	and	thrives	 in	both	native	and	anthropogenically	 trans‐
formed	 ecosystems	 (Martins,	 Templeton,	 Pavan,	 Kohlbach,	 &	
Morgante,	 2009;	Quintana	&	 Pacheco,	 2007).	 This	 habitat	 gen‐
eralism	means	 that	 vampire	 bats	 live	 in	 colonies	with	 extensive	
variation	 in	climate,	anthropogenic	food	resources	and	presence	
of	 other	 bat	 species.	 Colonies	 also	 vary	 in	 demographic	 traits	
that	 might	 impact	 viral	 community	 structure,	 such	 as	 popula‐
tion	 size,	 age	 structure	 and	 sex	 ratio	 (Delpietro,	Marchevsky,	&	




relatedness	 (Martins	et	 al.,	 2009;	Streicker	et	 al.,	 2016),	 provid‐
ing	an	opportunity	to	test	the	null	expectation	that	viral	commu‐
nity	 similarity	declines	with	 increasing	geographical	 and	genetic	
distance	 between	 populations	 (Nekola	 &	 White,	 1999).	 Finally,	
viral	diversity	of	vampire	bats	 is	a	major	concern	for	human	and	













We	 applied	 metagenomic	 sequencing	 to	 characterize	 commu‐










     |  3BERGNER Et al.
2  | MATERIAL S AND METHODS
2.1 | Authorizations
Bat	 sampling	 methods	 were	 approved	 by	 the	 Research	 Ethics	
Committee	 of	 the	 University	 of	 Glasgow	 School	 of	 Medical,	
Veterinary	and	Life	Sciences	(Ref081/15),	the	University	of	Georgia	
Animal	 Care	 and	 Use	 Committee	 (A2014	 04‐016‐Y3‐A5),	 and	
the	 Peruvian	 Government	 (RD‐009‐2015‐SERFOR‐DGGSPFFS,	
RD‐264‐2015‐SERFOR‐DGGSPFFS,	 RD‐142‐2015‐SERFOR‐
DGGSPFFS,	RD‐054‐2016‐SERFOR‐DGGSPFFS).
2.2 | Field sampling and demographic variables


















TA B L E  1  Ecological	factors	that	could	influence	viral	richness	and	community	composition	in	vampire	bats
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collected)	 were	 used	 to	 calculate	 colony‐level	 age	 and	 sex	 ratios,	
and	 these	 ratios	were	 correlated	with	 the	age	and	 sex	 ratios	 ana‐
lysed	within	 sequencing	pools	 (Pearson	 correlation;	males	 r	 =	 .85,	





Bats	 were	 given	 uniquely	 numbered	 wing	 bands	 (3.5‐mm	 in‐
coloy,	Porzana	 Inc.)	 to	 identify	 recaptures.	To	examine	the	effect	
of	colony	size	on	viral	diversity,	census	population	size	(Nc)	was	es‐
timated	from	mark–recapture	data	for	each	colony,	but	data	were	
unavailable	 from	 five	 sites	 (two	were	 exclusively	 sampled	 during	
the	day	using	hand	nets	and	 three	were	sampled	by	placing	nets	
around	 nearby	 livestock	 precluding	 comparable	 mark–recapture	
analyses;	Appendix	S1;	Table	S2).	Exploratory	analyses	of	 the	 re‐
maining	19	sites	indicated	Nc	was	not	significantly	correlated	with	
viral	 richness	 in	 faeces	 (Pearson	 correlation;	 all	 viruses	 r	 =	 .15,	






to	 chew	 on	 cotton‐tipped	 wooden	 swabs	 (Fisherbrand)	 for	 10	 s.	













Elevation	was	 either	 recorded	 in	 the	 field	 (50%	of	 sites)	 or	 deter‐
mined	from	latitude	and	longitude	coordinates	using	CGIAR‐SRTM	
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90‐m	resolution	data	(Farr	et	al.,	2007)	obtained	using	the	getData 
function	from	the	package	raster	(Hijmans,	2017)	in	r version 3.4.2 
(R	Core	 Team,	 2017).	 Bioclimatic	 variables	 related	 to	 temperature	
and	precipitation	were	gathered	from	the	WorldClim	database	(Fick	
&	Hijmans,	 2017)	with	 a	 resolution	 of	 5	min	 of	 a	 degree.	 Climate	
variables	 were	 further	 analysed	 by	 principal	 component	 analysis	
(PCA)	to	classify	sites	 into	three	ecoregions:	Coast	 (desert),	Andes	
(mountains)	 and	 Amazon	 (rainforest)	 (Figure	 S1).	 Ecoregion	 classi‐














2.4 | Metagenomic characterization of viral 
communities




extracted	 from	 individual	 swabs	using	 a	Biosprint	One	 for	All	Vet	




















Sequence	 data	 were	 processed	 using	 a	 custom	 bioinformatic	
pipeline	(Bergner	et	al.,	2019).	Briefly,	after	read	trimming	and	host	
mapping,	ribosomal	reads	were	removed	using	ribopicker	(Schmieder,	
Lim,	 &	 Edwards,	 2012),	 followed	 by	 eukaryotic	 and	 bacterial	 read	



























2.5 | Variation in viral diversity between 
ecoregions and effects of geographical and 
genetic distance
Differences	 in	 viral	 richness	 between	 ecoregions	 were	 evaluated	
using	 Poisson	 distributed	 generalized	 linear	 models	 (GLMs).	 We	
used	 the	 ANOVA	 function	 of	 the	 car	 package	 (Fox	 &	Weisberg,	
2011)	to	calculate	the	likelihood	ratio	χ2	test	(LRT)	statistic	and	as‐
sess	model	significance.	All	data	sets	met	assumptions	of	homoge‐




between	 ecoregions	were	 assessed	 by	 permutational	multivariate	
analysis	 of	 variance	 (PERMANOVA)	 (McArdle	 &	 Anderson,	 2001)	
with	 10,000	permutations	 using	 the	aDonis	 function	 of	 vegan and 











2.6 | Local environmental and demographic 





Adults,	 Other	 Species	 Presence,	 Elevation,	 Host	 Genetic	 Distance,	
Longitude,	 Livestock	 Density	 and	 PC1	 describing	 Local	 Climate	
Variables)	 and	 controlled	 for	 sequencing	 effort	 (Raw	 Sequencing	
Reads).	We	 performed	 an	 exploratory	 analysis	 finding	 no	 effect	 of	
human	population	density	(Goldewijk,	Beusen,	Drecht,	&	Vos,	2011)	
on	viral	richness	for	either	faeces	(R2 = .001; p	=	.86)	or	saliva	(R2 = .04; 
p	=	.31)	and	therefore	it	was	excluded	from	models.	Given	the	small	
number	of	observations	(N	=	23	colonies)	limiting	the	statistical	power	













Correlations	 encountered	 by	 submodel	 averaging	 were	 con‐
firmed	with	univariate	GLMs	examining	the	effect	of	each	variable	
individually	 on	 viral	 richness,	with	p‐values	 corrected	 for	multiple	
testing	using	the	false	discovery	rate	method	with	the	p.aDjust	func‐









Demographic	 and	 environmental	 factors	 that	 were	 signifi‐
cantly	 correlated	 with	 viral	 richness	 were	 also	 examined	 for	
potential	 effects	 on	 viral	 community	 composition	 (presence/
absence	of	viral	taxa)	using	a	PERMANOVA	with	10,000	permu‐












3.1 | Taxonomic richness and distribution of viral 
communities among vampire bat colonies
Metagenomic	 sequencing	 of	 pools	 from	 the	 final	 23	 sites	 re‐




genera	 detected	 across	 all	 saliva	 samples	 and	 77	 genera	 across	
all	 faecal	 samples,	with	 the	average	vampire	bat	colony	contain‐
ing	7.9	 (range:	1–18)	and	10.2	 (range:	5–16)	viral	genera	 in	saliva	
and	 faecal	 samples,	 respectively	 (Figure	 1b).	 For	 each	 colony,	
there	was	a	mean	of	5.7	vertebrate‐infecting	viral	genera	in	saliva	
(range:	0–12)	 and	2.3	 vertebrate‐infecting	 viral	 genera	 in	 faeces	
(range:	0–5).	On	average,	 single	 sites	 accounted	 for	only	14%	of	
the	 total	 viral	 richness	 that	 was	 discovered	 in	 saliva	 (7.9	 out	 of	
57	genera)	and	only	13%	of	total	viral	richness	in	faeces	(10.2	out	
of	77	genera).	Surprisingly,	saliva	and	faecal	viral	richness	within	
the	same	site	were	not	correlated	(R2 = .02; p	=	.51).	As	expected,	
we	established	the	presence	of	some	viral	genera	known	to	infect	
vampire	bats,	including	Lyssavirus.	We	also	detected	full	genomes	
of	 novel	 viruses	 in	 genera	 capable	 of	 infecting	 humans	 such	 as	
Alphacoronavirus and Rotavirus,	 as	well	 as	 large	 contigs	 of	 novel	
Pircornaviridae	 taxa	that	appeared	closely	related	to	Parechovirus 
and Enterovirus.
3.2 | Variation in viral diversity between 
ecoregions and effects of geographical and 
genetic distance
For	 saliva	 viruses,	we	 rejected	 the	 null	 hypothesis	 that	 viral	 com‐
munities	are	more	similar	in	populations	that	are	more	closely	con‐
nected.	Neither	total	viral	richness	(Figure	2;	LRT;	χ2 = 1.3; df = 2; 
p	 =	 .52)	 nor	 vertebrate‐infecting	 viral	 richness	 (Figure	 S4;	 LRT;	
χ2	=	1.57;	df = 2; p	=	 .46)	varied	across	ecoregions	and	viral	 com‐
munities	clustered	neither	by	ecoregion	(Figure	2;	Figure	S4;	Table	
S7;	permanova,	all	viruses:	F2,22 = 0.91; p	=	.58;	vertebrate‐infecting	




distance	 effects	were	 not	 absent	 because	 the	 same	 viruses	were	
found	everywhere.
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In	 contrast,	 bats	 in	 the	Amazon	harboured	 significantly	 higher	
faecal	viral	richness	compared	to	the	Andes	(Figure	2;	LRT;	χ2	=	6.07;	
df = 2; p	=	.05;	Tukey	p	=	.03),	with	a	similar	trend	for	vertebrate‐in‐
fecting	viruses	(Figure	S4;	LRT;	χ2 = 4.59; df = 2; p	=	.1).	Viral	com‐
munities	from	the	Amazon	separated	from	those	from	the	Coast	and	
Andes	(Figure	2;	Figure	S4),	but	ecoregion	explained	only	16%	of	the	
variation	 in	 total	 viruses	 (PERMANOVA;	F2,22 = 1.9; p	 =	 .005)	and	
14.6%	 of	 the	 variation	 in	 vertebrate‐infecting	 viruses	 (F2,20 = 1.5; 
p	 =	 .09)	 (Table	 S7),	 suggesting	 that	 faecal	 viral	 communities	were	
only	weakly	differentiated	based	on	ecoregion	alone.	Mantel	tests	
showed	that	 total	viral	community	dissimilarity	tended	to	 increase	
with	both	 the	 geographical	 and	 the	 genetic	 distance	between	bat	
colonies	 but	 highlighted	 extensive	 unexplained	 variation	 among	
proximal	 colonies	 (Mantel	 r	 ≤	 .25;	 Figure	 S5),	 and	 no	 associations	
with	vertebrate‐infecting	faecal	viruses	(Figure	S6).
3.3 | Ecological drivers of viral richness and 
community composition
The	 ecological	 variables	 that	 explained	 viral	 richness	 and	 com‐





variate	 models	 following	 p‐value	 correction	 (Figure	 3),	 both	 vari‐






















nificant	 according	 to	 the	PERMANOVA	and	GLM	analyses	 (Figure	
S10;	Table	S13).
4  | DISCUSSION
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liva	 viruses	were	 largely	unique	 to	each	bat	 colony,	while	 faecal	
viral	 communities	were	more	 conserved	within	 ecoregions,	with	
greater	 similarity	 among	 increasingly	 genetically	 and	 geograph‐
ically	 proximal	 bat	 colonies	 (Figures	 S5	 and	 S6).	 This	 difference	
between	 sample	 types	 suggests	 the	 possibility	 that	 routes	 of	
transmission	specific	to	saliva	(e.g.,	biting,	licking,	grooming)	may	
restrict	 the	extent	 to	which	viruses	spread	across	 the	 landscape	
relative	 to	 transmission	 routes	 involving	 faeces	 (e.g.,	 environ‐
mental,	 faecal–oral).	 The	only	 factor	 correlated	with	 saliva	 virus	
diversity	was	 longitude	 (Figure	3;	Figure	S7;	Table	S13).	 In	Peru,	
increasing	 longitude	 corresponds	 to	 a	 northwest–southeast	 gra‐
dient,	such	that	sites	in	the	northwest	(Cajamarca	and	Amazonas	













rabies	 virus)	 reflects	 the	host	 specificity	of	most	bat	 viruses,	 an	
absence	of	 reporting	or	 insufficient	diagnostics	 for	novel	human	
viruses.
We	observed	 a	decline	 in	 faecal	 viral	 richness	with	 increasing	
elevation	 (Figure	 4)	 and	 found	 that	 colonies	 in	 the	 low‐elevation	
Amazon	 rainforest	 had	 higher	 richness	 and	 distinct	 community	
composition	 (Figure	 2).	 Similar	 elevational	 gradients	 have	 some‐





also	observed	 in	vertebrate‐infecting	viruses	 (Figure	S8),	 suggest‐
ing	 this	 effect	 is	 not	 only	 driven	 by	 environmental	 viral	 diversity.	


















































are	 correlated	with	 elevation,	 have	been	 associated	with	 reduced	
viral	 richness	 on	 a	 global	 scale	 (Guernier	 et	 al.,	 2004).	 However,	
that	elevation	itself	was	more	strongly	correlated	with	vertebrate‐
infecting	viral	richness	than	environmental	variables	suggests	that	
other	 factors	 that	 covary	 with	 elevation	 (i.e.,	 community	 com‐
position	of	 bat	 species,	 prey	or	 both)	may	be	more	 important	 for	
viruses	 actively	 infecting	 bats.	 Indeed,	 cross‐species	 transmission	
is	 thought	 to	be	an	 important	driver	of	bat	 viral	 diversity	 (Luis	 et	












consistently	 had	more	 diverse	 faecal	 viral	 communities	 (Figure	 4).	
The	 importance	 of	 juveniles	 in	 viral	 dynamics	 is	 well	 established;	
births	 introduce	 immunologically	 naïve	 individuals	 that	 facilitate	
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juveniles	 remain	dependent	on	 their	mothers	until	 they	are	adults	


















viral	 diversity,	 potentially	 owing	 to	 either	 density‐dependent	 trans‐
mission	or	 exposure	 to	 livestock	 viruses.	 Surprisingly,	we	 found	 the	
opposite,	that	vampire	bat	colonies	in	areas	of	high	livestock	density	





ony	 sizes	would	not	be	expected	 to	 reduce	prevalence	 (Blackwood,	
Streicker,	Altizer,	&	Rohani,	2013).	One	possible	explanation	for	the	ob‐
served	lower	viral	diversity	could	be	that	the	lower	diversity	of	wildlife	










the	host	species	 level	and	may	not	even	 inform	whether	 the	virus	
is	present	in	nearby	populations.	Adding	environmental	and	demo‐





role	 in	 shaping	 viral	 communities	 in	 vampire	 bats	 and	 emphasizes	




variables	 such	 as	 seasonality	 because	 the	prevalence	of	 some	bat	
viruses	varies	 seasonally	 (Amman	et	 al.,	 2012).	Here,	however,	 lo‐
gistical	 constraints	 prevented	 us	 from	 sampling	most	Andean	 and	
Amazon	 sites	 during	 the	 wet	 season.	 Furthermore,	 although	 our	
study	intended	to	assess	population‐level	drivers	of	viral	communi‐
ties,	understanding	the	individual‐level	impacts	of	factors	including	
age,	 reproductive	 status	or	 stress	might	 provide	 a	more	 complete	
picture	of	the	determinants	of	viral	diversity.
Although	we	did	not	 test	 the	ecological	 and	evolutionary	con‐






of	 certain	 viral	 groups	 to	 overall	 ecosystem	 function	 (Emerson	 et	
al.,	2018;	Sunagawa	et	al.,	2015;	Thurber,	Payet,	Thurber,	&	Correa,	









munities	were	distinct	 across	 vampire	bat	 populations,	 suggesting	
that	 analyses	 focusing	 on	 single	 individuals	 or	 single	 populations	





metagenomic	 framework	 to	 identify	 these	 factors	which	 could	be	
applied	in	any	host–pathogen	system.
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